1. Introduction {#sec1}
===============

To reduce the greenhouse emission from the fuel consumption sector and enhance energy security, biorefinery has been studied as a sustainable way to produce fuels and chemicals that have been conventionally produced through petroleum refinery.^[@ref1],[@ref2]^ Bioethanol from lignocellulosic materials is a great alternative to gasoline due to its clean-burning nature and no NO*~x~*/SO*~x~* emission.^[@ref3]^ Lignocellulosic biomass is a more suitable feedstock for bioethanol production than food crops (corn and sugar cane) because it does not compete with food or feed supplies.^[@ref4],[@ref5]^ About150--170 billion tons of lignocellulosic biomass have been generated every year all over the world, including agricultural residues, food processing byproducts, and forest products, which possess great potential to be used as feedstocks for biofuel production.^[@ref6]−[@ref8]^ The utilization of lignocellulosic biomass for biofuel production could have dual benefits in waste disposal and renewable energy generation.^[@ref3]^

Grain stillage (locally called "Baijiu Diuzao") is the solid residue from the Chinese liquor industry, which is one of the major industrial solid wastes in China. The annual grain stillage production in China is estimated to be more than 5 million metric tons, i.e., approximately two to four tons of grain stillage are generated per ton of distilled alcohol, which reflects the huge amount of associated solid wastes.^[@ref9]^ At present, most of the grain stillage has been used as animal feeds due to its high protein content, but this practice is limited by the perishable characteristics and low rumen degradation efficacy of the grain stillage. In terms of the fiber composition, the grain stillage is primarily composed of cellulose (35--45%) and hemicellulose (15--25%), depending on the source, such as sorghum, rice, corn, and wheat.^[@ref10]^ Because of its high carbohydrate content, the grain stillage has also been considered as a feedstock for biorefinery. Similar to all other lignocellulosic biomass, one of the key challenges of the grain stillage utilization for biorefinery is its structural recalcitrance to biodegradation by enzyme and microorganisms.^[@ref11],[@ref12]^ As such, lignocellulosic biomass needs to be properly pretreated by using physical, chemical, biological, and/or combined methods to ease the downstream bioconversion.^[@ref13]−[@ref15]^ The selection of the pretreatment method and conditions should be well considered to achieve the trade-off between the preservation of cellulose and hemicellulose contents and the efficiency of the subsequent enzymatic saccharification.

Microwave radiation can directly apply the electromagnetic field to the molecular structure of biomass in the thermochemical conversion process for biofuel production.^[@ref16]^ It has also been regarded as an alternative to the conventional heating method and recently attracted increasing attention in biomass pretreatment due to its advantages in better energy balance, direct heating, faster heating rate, shorter reaction time, higher efficiency, better temperature distribution, and easier reaction temperature control.^[@ref17],[@ref18]^ Microwave radiation pretreatment can degrade the resistant lignocellulosic components to break down the lignin--cellulose--hemicellulose interlinkages by ionic conduction or dipolar rotation.^[@ref19]^ The splitting of glycosidic linkages within the lignocellulosic matrix renders an easy enzymatic attack. Therefore, microwave radiation has been extensively studied to pretreat biomass and improve the bioconversion efficiency of biomass. It has been gradually scaled up from lab to pilot scales.^[@ref20],[@ref21]^ Microwave radiation was used to aid the ionic liquid pretreatment of *Eucalyptus* to achieve high sugar yield of 411 mg/g in 48 h of enzymatic hydrolysis where the presence of microwave helped deconstruct lignin, remove hemicelluloses, break crystalline region, and create an eroded, pored, and irregular micromorphology.^[@ref22]^ Gissibl et al.^[@ref23]^ performed a microwave hydrothermal pretreatment on paramylon granules and significantly enhanced the enzymatic hydrolysis of such granules to bioactive oligosaccharides. In addition, biological pretreatment has also been considered as a low-cost and ecofriendly method to break down lignin and alter lignocellulosic structure to boost the enzymatic hydrolysis process.^[@ref24]^ White-rot fungi, such as *Phanerochaete chrysosporium*, *Trametes versicolor*, and *Pleurotus sajor-caju*, have the unique ability to decompose lignocellulosic biomass and change its chemical composition, owing to their complex nonspecific extracellular enzymes, such as lignin peroxidase (LiP), manganese peroxidase (MnP), and laccases (Lac). Many species of white-rot fungi, which are highly selective lignin degraders, have been employed and examined in their ability to improve the biodegradability of lignocellulosic residues for ethanol or volatile fatty acid production.^[@ref24]−[@ref26]^ However, the long pretreatment period and low pretreatment efficiency are considered to be the major challenges of the fungal pretreatment. Both microwave-assisted hydrothermal irradiation and fungal pretreatments have been used for effective biomass pretreatment, but the combination of these two methods was rarely reported.

Therefore, in this paper, microwave-assisted hydrothermal (MH) and *P. chrysosporium* fungal (PC) pretreatments were studied separately. The conditions (time, power, and solid-to-liquid ratio of the MH pretreatment) were first optimized by using a Box--Behnken design-based response surface methodology, and the optimum pretreated time and inoculum size of the PC pretreatment were also determined. Meanwhile, the combination of the MH and PC pretreatments was investigated to further enhance the enzymatic saccharification of the grain stillage while the sequence of the MH and PC pretreatments (MH + PC vs. PC + MH) in the combined pretreatment was also studied. The efficiencies of different pretreatment methods were compared in terms of the yield of reduce sugar and saccharification efficiency upon enzymatic hydrolysis of the raw and pretreated grain stillage. Moreover, the chemical composition and structural variation that resulted from the pretreatments were characterized by using scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR).

2. Results and Discussion {#sec2}
=========================

2.1. Effects of the Power, Time, and Solid-to-Liquid Ratio on the Microwave-Assisted Hydrothermal Pretreatment {#sec2.1}
--------------------------------------------------------------------------------------------------------------

Microwave could cause vibration of polar bonds inside biomass as they align themselves with the magnetic field of the microwave. Appropriate MH conditions (e.g., solid loading, time, and power) could increase the collision frequency and movement of molecular chains, thus modifying the biomass structures, improving the effective adsorption of enzymes to the substrates, and enhancing enzymatic hydrolysis.^[@ref27]^ As shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, both reducing sugar yield and saccharification efficiency increased significantly with the increase in solid-to-liquid ratio from 1:5 to 1:15, and the maximal reducing sugar yield and saccharification efficiency reached 17.02 g/100 g and 33.59%, respectively, at a solid-to-liquid ratio of 1:15. Bichot et al.^[@ref28]^ pointed out that the solid-to-liquid ratio is an important parameter during the microwave treatment as it is difficult to heat matter with a low water content. If the polar liquid content is less than 20% (w/w) in the reaction vessel, then motion of polar molecules, according to oscillating waves, is impossible. However, further increase in the solid-to-liquid ratio reduced the reducing sugar yield and saccharification efficiency because the frequency of the thermal energy-driven molecular collisions declined at a high water content, thus decreasing the pretreatment efficiency. The extension of pretreatment time from 0 to 3 min resulted in a significant increase of both reducing sugar yield and saccharification efficiency from 13.52 g/100 g to 16.26 g/100 g and from 26.68 to 32.08%, respectively. The microwave heating can enhance enzymatic saccharification of the biomass through fiber swelling and fragmentation as a result of the internal uniform and rapid heating of large biomass particles.^[@ref29]^ However, if the pretreatment lasts too long (\>3 min), solvent water absorbed overmuch energy, and the biomass sample was therefore heated in excess, which resulted in the extreme temperature and the evaporation of water, accounting for the decrease in reducing sugar yield and saccharification efficiency.^[@ref28]^ Therefore, time is critical for water molecule penetration and heat transfer that leads to the loosing and swelling of lignocellulosic structures. As for the microwave power, respective maximal reducing sugar yield (17.29 g/100 g) and saccharification efficiency (34.12%) were achieved at microwave power of 150 W, whereas both reducing sugar yield and saccharification efficiency decreased significantly when the power was less or higher than 150 W. It should be noted that the suitable microwave power is actually a range of values rather than a fixed value given the fact that both power and time can determine the amount of thermal energy delivered to biomass materials during the MH pretreatment, i.e., the interactions between power and time should be considered when selecting MH pretreatment conditions. As such, appropriate combinations of power and time are important to achieve an efficient MH pretreatment. Based on the results from this single-factor study, the ranges of solid-to-liquid ratio (1:10, 1:15, and 1:20), time (2, 3, and 4 min), and power (0, 150, and 300 W) were selected for the following MH optimization experiments.

###### Effect of Solid-to-Liquid Ratio, Time, and Power on the Yield of Reducing Sugars and Saccharification Efficiency

  factor[a](#t1fn1){ref-type="table-fn"}   level             reducing sugar yield (g/100 g)   saccharification efficiency (%)
  ---------------------------------------- ----------------- -------------------------------- ---------------------------------
  solid-to-liquid ratio (g·mL^--1^)        1:5               14.32 ± 0.06d                    28.26 ± 0.36d
  1:10                                     14.75 ± 0.06c     29.10 ± 0.53c                    
  1:15                                     17.02 ± 0.03a     33.59 ± 0.04a                    
  1:20                                     15.12 ± 0.09b     29.84 ± 0.38b                    
  1:25                                     14.37 ± 0.05d     28.36 ± 0.07d                    
  time (min)                               0                 13.52 ± 0.06d                    26.68 ± 0.27d
  1                                        15.29 ± 0.04bc    30.17 ± 0.43bc                   
  2                                        15.54 ± 0.04b     30.66 ± 0.42b                    
  3                                        16.26 ± 0.04a     32.08 ± 0.49a                    
  4                                        14.86 ± 0.05c     29.33 ± 0.42bc                   
  5                                        15.20 ± 0.05bc    29.99 ± 1.40c                    
  power (W)                                0                 13.52 ± 0.06e                    26.68 ± 0.27e
  150                                      17.29 ± 0.06a     34.12 ± 0.46a                    
  300                                      16.17 ± 0.05b     31.90 ± 0.57b                    
  450                                      13.88 ± 0.04de    27.39 ± 0.43de                   
  600                                      14.33 ± 0.03c     28.28 ± 0.53c                    
  750                                      14.14 ± 0.02 cd   27.90 ± 0.50 cd                  

For each factor, values within the same columns (reducing sugar yield and saccharification efficiency) followed by different lowercase letters are significantly different at *P* \< 0.05.

2.2. Optimization of the Microwave-Assisted Hydrothermal Pretreatment by RSM {#sec2.2}
----------------------------------------------------------------------------

With Box--Behnken design-based response surface methodology, 17 experiments in total were carried out to determine the effects of the solid-to-liquid ratio, time, power, and their interactions on both reducing sugar yield and saccharification efficiency. The experimental results are displayed in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03681/suppl_file/ao9b03681_si_001.pdf), and variance analysis of the second-order polynomial models was also determined. The final prediction mathematical models in terms of the coded factors are the following:

Reducing sugar yield

To test the significance of the developed model ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}), the ANOVA for reducing sugar yield was performed, and the results are presented in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The model *F* value of 36.00 shows a high significance for the regression model. As the *P* value for the model is \<0.0001 for reducing sugar yield, the model equation can adequately describe the response. As to the lack of fit analysis, the *P* value is 0.9707, which implies that the lack of fit is not plausible. The *R*^2^ of the model is 0.9789, which indicates a high model correlation or agreement between the predicted and experimental data. The high value of the calculated adjusted determination factor (adjusted *R*^2^ = 0.9517) indicates that the estimated quadratic equation is appropriate to describe reducing sugar yield in terms of the studied factors. In brief, the developed model can describe the relationship between the selected factors and reducing sugar yield with sufficient adequacy. The *F* values for factors suggest that the solid-to-liquid ratio (*A*) and power (*C*) have significant effects on reducing sugar yield, but time (*B*) is insignificant. According to the *F* values for interactions, *AB* and *AC* interactions were found to have significant effects on reducing sugar yield, but the *BC* interaction does not affect reducing sugar yield significantly. Among square effects, *A*^2^ is the only insignificant term.

###### Analysis of Variance (ANOVA) for the Response Surface of the Saccharification Efficiency and the Reducing Sugar Yield[a](#t2fn1){ref-type="table-fn"}

  source                                                          sum of squares   df   mean square   *F* value   *p* value
  --------------------------------------------------------------- ---------------- ---- ------------- ----------- -----------------
  ANOVA for the Quadratic Model for Reducing Sugar Yield                                                          
  model                                                           14.17            9    1.57          36.00       \< 0.0001\*\*\*
  *A*                                                             0.55             1    0.55          12.49       0.0095\*\*
  *B*                                                             0.01             1    0.01          0.18        0.6852
  *C*                                                             0.55             1    0.55          12.61       0.0093\*\*
  *AB*                                                            2.53             1    2.53          57.82       0.0001\*\*\*
  *AC*                                                            3.59             1    3.59          82.14       \< 0.0001\*\*\*
  *BC*                                                            0.05             1    0.05          1.06        0.3380
  *A*^2^                                                          0.02             1    0.02          0.41        0.5408
  *B*^2^                                                          2.37             1    2.37          54.24       0.0002\*\*\*
  *C*^2^                                                          4.07             1    4.07          93.06       \< 0.0001\*\*\*
  residual                                                        0.31             7    0.04                       
  lack of fit                                                     0.02             3    0.01          0.07        0.9707
  *R*^2^ = 0.9789; adjusted *R*^2^ = 0.9517                                                                       
  ANOVA for the Quadratic Model for Saccharification Efficiency                                                   
  model                                                           178.79           9    19.87         26.06       0.0001\*\*\*
  *A*                                                             6.28             1    6.28          8.24        0.0239\*
  *B*                                                             0.01             1    0.01          0.026       0.9875
  *C*                                                             9.1              1    9.1           11.93       0.0106\*
  *AB*                                                            0.14             1    0.14          0.18        0.6844
  *AC*                                                            7.37             1    7.37          9.67        0.0171\*
  *BC*                                                            16.81            1    16.81         22.05       0.0022\*\*
  *A*^2^                                                          8.66             1    8.66          11.36       0.0119\*
  *B*^2^                                                          53.72            1    53.72         70.47       \< 0.0001\*\*\*
  *C*^2^                                                          64.35            1    64.35         84.42       \< 0.0001\*\*\*
  residual                                                        5.34             7    0.76                       
  lack of fit                                                     3.69             3    1.23          3           0.8581
  *R*^2^ = 0.9785; adjusted *R*^2^ = 0.9438                                                                       

\*: significant; \*\*: highly significant; and \*\*\*: extremely significant.

The shapes of 3D response plots determine the extent and nature of interactions between different process variables. If the nature of contour plates is circular then it indicates that the interactions are negligible or very weak. Strong or noticeable interactions are identified by the elliptical nature of the contour plots.^[@ref30]^[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a illustrates the interactive effects of the time and solid-to-liquid ratio on the reducing sugar yield while the power was retained at the median level.

![(a--c) Response surfaces for the effects of SLR/ time, SLR/power, and time/power on the yield of reducing sugar (SLR: solid-to-liquid ratio). The coordinate axis of SLR ranged from 10 to 20 with an interval of two means; the solid-to-liquid ratios were 1:10, 1:12, 1:14, 1:16, 1:18, and 1:20, respectively.](ao9b03681_0001){#fig1}

The time in the range of 2--2.5 min and low solid-to-liquid ratio (less than 1:12) gave reducing sugar yield below 17.5 g/100 g. Simultaneous increments in the time (2--4 min) and solid-to-liquid ratio (1:10--1:20) increased the sugar yield from 18.26 g/100 g to 18.92 g/100 g. The higher reducing sugar yield observed with the increase in time and solid-to-liquid ratio could be attributed to the higher heating efficiency that unwound the lignocellulosic structures. Similarly, the power of 0 W and the highest solid-to-liquid ratio (1:20) gave the minimal sugar yields below 16.20 g/100 g ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). Simultaneous increments in the power (from 0 to 300 w) and decrease in the solid-to-liquid ratio (from 1:20 to 1:10) increased the reducing sugar yield from 18.78 g/100 g to 19.02 g/100 g. Increasing the time and power above 150 W did not significantly influence the reducing sugar yield, indicating longer exposure to high irradiation power adversely affected the pretreatment efficiency, thus reducing the reducing sugar yield ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c).

The 2D and 3D elliptical contours shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a--c indicate that all three factors have strong effects on saccharification efficiency. As shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, the solid-to-liquid ratio (*A*) and power (*C*) have higher *F* values than time (*B*), which suggests that the solid-to-liquid ratio and power have much stronger influence than time on saccharification efficiency. According to the *P* value, solid-to-liquid ratio and power are significant factors, but time is not. All quadratic terms except the *AB* (solid-to-liquid ratio and time interaction) are significant (*p \<* 0.05), especially *BC*, *B*^2^, and *C*^2^. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, maximum saccharification efficiency can be always achieved in the tested range of time (or solid-to-liquid ratio) at a specific solid-to-liquid ratio (or time). The similar results can be acquired from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b,**c**. Therefore, the selection of MH pretreatment conditions are important to determine the enzymatic hydrolysis efficiency, and the optimal solid-to-liquid ratio, time, and power to maximize saccharification efficiency in this study are within the selected level ranges of these factors. In addition, [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} also shows that the *P* value for the saccharification efficiency model ([eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}) is 0.0001, meaning the model is significant. Meanwhile, the lack of fit (*P* = 0.8581) is insignificant. The values of *R*^2^ and adjusted *R*^2^ for the model are 0.9785 and 0.9438, respectively, which indicate a high correlation between predicted and experimental data. The ANOVA results for saccharification efficiency demonstrate that this model ([eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}) can predict saccharification efficiency with sufficient accuracy in certain ranges of the solid-to-liquid ratio, power, and time.

![(a--c) Response surfaces for the effects of SLR/time, SLR/power, and time/power on saccharification efficiency. SLR means solid-to-liquid ratio. The coordinate axis of SLR ranged from 10 to 20 with an interval of two means; the solid-to-liquid ratios were 1:10, 1:12, 1:14, 1:16, 1:18, and 1:20, respectively.](ao9b03681_0002){#fig2}

The predicted optimal conditions for maximizing reducing sugar yield and saccharification efficiency by response surface methodology were determined to be *A* = 1:15 g·mL^--1^, *B* = 3.56 min, and *C* = 123.75 W, which were validated in triplicate. The experimental optimal reducing sugar yield and saccharification efficiency were compared with the predicted values obtained from the model equations. In view of experimental operability, the abovementioned optimal conditions were slightly modified and used to validate the model predictability. Under the modified conditions (*A* = 1:15 g·mL^--1^, *B* = 3.5 min, *C* = 120 W), the reducing sugar yield and saccharification efficiency reached 17.59 g/100 g and 33.85%, respectively, which were consistent with the predicted results.

2.3. Fungal Pretreatment of Grain Stillage with *P. chrysosporium* {#sec2.3}
------------------------------------------------------------------

*P. chrysosporium* degrades lignin with the aid of its complex ligninolytic systems, which has been taken advantage to pretreat biomass for biofuel production. Therefore, the ligninolytic enzymes such as Lac, MnP, and LiP were measured during pretreatment. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, both MnP and LiP activities increased with the pretreatment time (2--6 days) and then decreased at day 8. The respective maximal MnP and LiP activities of 440.08 and 207.97 U·L^--1^, respectively, occurred at the sixth day. However, the Lac activity kept increasing from 27.71 to 83.72 U·L^--1^ in eight days of pretreatment. These three enzymes have been reported to play critical roles in fungal pretreatment to remove lignin and enhance enzymatic hydrolysis of the pretreated biomass. Therefore, the initial rising of both reducing sugar yield (4--6 days) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) and saccharification efficiency (2--6 days) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c) could be related to the increase in ligninolytic enzyme activities. As reported by Fang et al.,^[@ref26]^ white-rot fungi possessed a stronger ability of delignification with the help of various secreted ligninolytic enzymes. Hence, it is reasonable to infer that MnP was the dominant ligninolytic enzyme during PC pretreatment. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b,c also shows that PC pretreatment of less than four days did not achieve significant effects on reducing sugar yield and saccharification efficiency. However, with the running of fungal pretreatment, the nutrient was quickly consumed, which led to a nutrient deficiency problem, and therefore, the activity of the fungus would be partly inhibited accompanied by the decreased ligninolytic enzyme activities.^[@ref31]^

![Fungal pretreatment of grain stillage with *P. chrysosporium*. (a--c) Effects of pretreatment time on the enzyme activities, the yield of reducing sugar, and saccharification efficiency, respectively. (d--f) Effects of inoculum size of *P. chrysosporium* on the enzyme activity, reducing sugar yield, and saccharification efficiency, respectively. Different lowercase letters on the top of columns indicate significant difference at *P* \< 0.05 based on three replicates.](ao9b03681_0003){#fig3}

The inoculum size of PC pretreatment significantly affected the production of Lac, MnP, and LiP ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d) as well as reducing sugar yield and saccharification efficiency ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e,f). During the PC pretreatment, these three enzymes showed different variation trends. Lac activity increased from 30 to 60 U·L^--1^ upon the inoculum size increase from 5 to 10%, while further increase in inoculum size reduced the Lac activity. The MnP shared the similar trend with Lac, i.e., its maximum activity of 440 U·L^--1^ occurred at 10% inoculum size. However, the LiP reached its maximum activity of 210 U·L^--1^ with 15% inoculum size and did not show a monotonic change trend within the range of an inoculum size of 5--20%. These results are in agreement with the previous study done by Rothschild et al.^[@ref32]^ Different activities among the three enzymes are likely due to the preferential use of carbon sources at different stages of the growth of *P. chrysosporium*. Lac is not a secondary metabolite and can be synthesized in the vegetative growth stage while its synthesis is strictly nitrogen limited. In contrast, LiP and MnP can be produced during the secondary metabolism with limited nitrogen and carbon.^[@ref33]^ The degradation of lignin generally occurs in the secondary metabolism where LiP and MnP may flourish more than Lac, i.e., LiP and MnP appear to be more important than Lac for lignin degradation in the PC pretreatment with *P. chrysosporium* to enhance the enzymatic hydrolysis of pretreated biomass. Therefore, the decrease in ligninolytic enzyme activities at a higher inoculum size can be explained by the nutrient deficiency in the medium. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e,f, the highest reducing sugar yield and saccharification efficiency were achieved with 10% inoculum size. Overall, the PC pretreatment with 10% of the inoculum size for six days is the optimal pretreatment condition to achieve maximum reducing sugar yield and saccharification efficiency.

2.4. Comparison between Different Pretreatment Methods on the Reducing Sugar Yield and Saccharification Efficiency {#sec2.4}
------------------------------------------------------------------------------------------------------------------

As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, all the pretreatment methods enhanced the reducing sugar yield and saccharification efficiency compared to the untreated grain stillage. It is surprising that the PC pretreatment resulted in significantly higher reducing sugar yield and saccharification efficiency than the MH pretreatment, which could be because the PC pretreatment is more effective in lignin degradation than the MH pretreatment. The combined MH and PC pretreatment achieved significantly higher reducing sugar yield and saccharification efficiency than the separate MH and PC pretreatment methods (*P* \< 0.05). For the combined pretreatment, the order of MH and PC had no significant effect on the reducing sugar yield (*P* \> 0.05), while MH + PC achieved significantly higher saccharification efficiency than PC + MH. This could be because the MH pretreatment increased the pore size and disrupted the lignocellulosic structure of the grain stillage, thus exposing a more accessible surface area to the PC and promoting the PC pretreatment. As such, more lignin can be degraded by the PC pretreatment via ligninolytic enzymes, which enabled more effective enzymatic hydrolysis to achieve higher saccharification efficiency for the MH + PC than the PC + MC.^[@ref33]^

![Comparison between different pretreatment methods upon the yield of reducing sugar (YRS) and saccharification efficiency (SE). CK: no treatment; MH: microwave hydrothermal pretreatment; PC: *P. chrysosporium* pretreatment; MH + PC: combined MH and PC pretreatment (MH followed by PC); PC + MH: combined PC and MH pretreatment (PC followed by MH). Note: Different lowercase letters (a--e) show significant differences among different pretreatment methods at *P* \< 0.05 based on three replicates.](ao9b03681_0004){#fig4}

In addition, the reducing sugar yield from the pretreated grain stillage by MH + PC in this paper was much higher than the reported results ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}) even though different raw materials were used, i.e., distillers dried grains with solubles (DDGS) in the literature^[@ref34]−[@ref41]^ and grain stillage in this study. In sum, the combined pretreatment can maximize the advantages of the separate pretreatments and significantly improve the enzymatic hydrolysis efficacy.

###### Comparison of Different Pretreatment Methods on the Yield of Reducing Sugar from Grain Stillage

  feedstocks                                  pretreatment method and parameters                                components (%)[a](#t3fn1){ref-type="table-fn"}                  yield of reducing sugars (g/100 g)   references
  ------------------------------------------- ----------------------------------------------------------------- --------------------------------------------------------------- ------------------------------------ ----------------------------
  DDGS from the dry grind ethanol process     ammonia fiber expansion                                           carbohydrate 52.5crude fiber 6.5                                13--30                               Kim et al. (2008)
  hydrothermal                                no date                                                           \<60                                                            Bootsma et al. (2008)                
  liquid hot water (LHW)                      no date                                                           12--37.9                                                        Kim et al. (2008)                    
  acidic electrolyzed water (175 °C,10 min)   cellulose 10.36hemicellulose 33.28lignin 1.05ADF 11.07NDF 44.45   23.25                                                           Wang et al. (2013)                   
  hot water (160 °C, 20 min)                  17.01                                                             Wang et al. (2013)                                                                                   
  NaOH (140 °C,20 min)                        15.01                                                             Wang et al. (2013)                                                                                   
  sulfuric acid (140 °C 20 min)               26.16                                                             Wang et al. (2013)                                                                                   
  ammonia fiber expansion                     cellulose 16, xylan8.2 arabinan 5.2, starch 5.2protein 26.4       16.68                                                           Lau et al. (2007)                    
  dilute sulfuric acid                        NDF 28.40crude fiber 7.82hemicellulose 17.2                       38.3                                                            Iram et al. (2019)                   
  aqueous ammonia treatment                   12.9                                                              Iram et al. (2019)                                                                                   
  steam explosion                             5.5                                                               Iram et al. (2019)                                                                                   
  dilute sulfuricacid                         NDF 29.5ADF 12.9hemicellulose 16.5crude fiber 5.9                 39.3                                                            Cekmecelioglu et al. (2018)          
  condensedDDGS                               0.5--1.0% (v/v) acid at 140 °C for 45 min                         cellulose 17hemicellulose 25.8lignin 8.7                        49--57.0                             Noureddini and Byun (2010)
  dilute acid                                 glucan 13.54, xylan 11.65 starch 2.58, cellulose 10.96            21.39                                                           Li et al. (2019)                     
  liquid hot water (LHW)                      15.61                                                                                                                                                                  
  maize distillery stillage                   microwave pretreatment(300 W, 54 PSI, 15 min)                     cellulose 32.2 ± 1.4,hemicellulose 20.9 ± 1.2lignin 3.2 ± 1.9   10.40                                Mikulski et al. (2019)
  grain stillage from the liquor industry     MH + PC                                                           cellulose 25.80hemicellulose 24.80lignin 14.87                  25.51                                this work

DDGS: distillers dried grains with solubles; NDF: neutral detergent fiber; ADF: acid detergent fiber.

2.5. Effects of Pretreatment Methods on the Chemical Composition Change of the Grain Stillage {#sec2.5}
---------------------------------------------------------------------------------------------

Lignin is a crucial barrier to efficient enzymatic hydrolysis of lignocellulosic biomass. Therefore, one aim of pretreatment is to remove the lignin and preserve cellulose and hemicellulose as much as possible. As shown in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}, the weight of all pretreated residues was reduced mainly because of delignification, partial hydrolysis of hemicellulose, and dissolution of nonstructural components, extractives, and ash. The biomass loss after single MH and PC pretreatments were only 3.40 and 4.74%, respectively, but the combined pretreatments (PC + MH and MH + PC) caused significant mass loss, 23.54 and 39.43%, respectively. The degrees of delignification by single MH or PC pretreatment are 16.86 and 29.08%, respectively, which was approximate with the result of sugarcane bagasse pretreated with white-rot fungus.^[@ref42]^ A higher delignification degree in the PC-pretreated grain stillage is because of the fact that *P. chrysosporium* can produce robust ligninolytic enzymes that are able to degrade lignin to achieve a high delignification degree during pretreatment.^[@ref40]^ Upon combined pretreatment, the delignification degrees were significantly increased to 32.80 (PC + MH) and 43.34% (MH + PC). Moreover, the delignification degree of the MH + PC pretreatment is significantly higher than that of the PC + MH. This could be because the MH pretreatment causes the breakage of hydrogen bonds and the destruction of lignocellulose structure by explosion and disruption, which promotes the subsequent *P. chrysosporium* attack for delignification.^[@ref11],[@ref43]^ Therefore, the selective delignification could be the main mechanism of the MH + PC pretreatment to enhance the enzymatic saccharification efficiency of the pretreated grain stillage, which could also explain the results in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}.

###### Lignocellulosic Compositions of Raw and Pretreated Grain Stillages and Biomass Loss during Pretreatment

  sample[a](#t4fn1){ref-type="table-fn"}   GS (dry basis, g)   pretreated GS (dry basis, g)   mass loss (%)   cellulose (%, w/w)   hemicellulose (%, w/w)   lignin (%, w/w)   delignification degree (%)
  ---------------------------------------- ------------------- ------------------------------ --------------- -------------------- ------------------------ ----------------- ----------------------------
  raw grain stillage                       50                  50                             0               25.80 ± 1.03c        24.80 ± 0.98a            14.87 ± 0.14a      
  MH                                       50                  48.31                          3.40            32.98 ± 1.54b        25.38 ± 1.01a            12.80 ± 0.18c     16.86 ± 0.25b
  PC                                       50                  47.64                          4.74            25.13 ± 2.20c        24.19 ± 1.60b            11.07 ± 0.03d     29.08 ± 0.13c
  PC + MH                                  50                  38.24                          23.54           32.85 ± 1.93b        22.65 ± 1.01d            13.07 ± 0.27c     32.80 ± 1.38a
  MH + PC                                  50                  30.29                          39.43           36.63 ± 2.55a        23.19 ± 1.89c            13.91 ± 0.12b     43.34 ± 1.46a

GS: grain stillage; MH: microwave-assisted hydrothermal pretreatment; PC: *P. chrysosporium* pretreatment; MH + PC: combined microwave-assisted hydrothermal and *P. chrysosporium* pretreatment; PC + MH: combined *P. chrysosporium* and microwave-assisted hydrothermal pretreatment. Values within the same columns followed by different lowercase letters are significantly different at *P* \< 0.05.

2.6. Microstructural Changes of the Grain Stillage before and after Pretreatment {#sec2.6}
--------------------------------------------------------------------------------

### 2.6.1. Scanning Electron Microscopy Analysis {#sec2.6.1}

As shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03681/suppl_file/ao9b03681_si_001.pdf), significant morphological differences were observed between the untreated and pretreated grain stillage, which indicates certain disruption of the lignocellulosic structure by the pretreatment. It is clear that the untreated grain stillage shows a compact, dense, uniform, and smooth surface with few erosion traces, reflecting the tight cellulose--hemicellulose--lignin network. Different pretreatment methods could have different working modes in modifying biomass morphology. The MH-pretreated grain stillage displayed an eroded, porous, and irregular surface. The removal of lignin could contribute to the surface morphology changes, i.e., delignification causes cell wall disruption and fragmented surface appearance.^[@ref44]^ A good colonization is a prerequisite for an effective fungal pretreatment of lignocellulosic materials.

In the PC pretreatment, *P. chrysosporium* digestion accompanied by the invasion of mycelium striped the outer layer of biomass and altered the organized polymer structure so that the PC-pretreated biomass could exhibit fragmented and highly porous structures with disintegration of cellular integrity.^[@ref45]^ Roughly, the MH-pretreated grain stillage has more erosion traces on its surface compared to the PC-pretreated grain stillage. The combination of MH and PC resulted in severer modifications on the grain stillage structures than the single-method pretreatment due to the combined effects of microwave irradiation (e.g., dipolar rotation induced molecular collisions) and fungal digestion pretreatment (e.g., mycelial invasion). The PC + MH pretreatment fragmentized the outer layers of the grain stillage and loosened the polymer structure. The unfolded surfaces of the pretreated grain stillage suffered significant erosions that led to observable ravines and holes. The disruption of grain stillage structures and the presence of porosity could increase the accessibility of grain stillage to enzymes and improve the subsequent enzymatic hydrolysis.

### 2.6.2. Fourier Transform Infrared Spectroscopy Analysis {#sec2.6.2}

As shown in [Figure S2a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03681/suppl_file/ao9b03681_si_001.pdf), the absorption peak at 897 cm^--1^ could be attributed to the damaged β-glycosidic linkages within cellulosic structures. The band peak at 1024 cm^--1^ shows the vibration of the pyranose ring (C--O--C) structures, while the band at 1152 cm^--1^ demonstrates asymmetric elongation of C--O--C within cellulose. The broad absorption peak at 1236 cm^--1^ was observed in the bands that are associated with hemicellulose and assigned to the vibration of the ring C--O--C in hemicellulose. The absorption peak at 1370 cm^--1^ corresponds to the twisting vibration of C--H bonds within the cellulosic components. Similarly, the band peaks that occurred at 1490and 1492 cm^--1^ are related to the asymmetric vibration of C--H deformation in the cellulosic structures ([Figure S2b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03681/suppl_file/ao9b03681_si_001.pdf)). The absorption peak at 1645 cm^--1^ is due to the vibration of C=O bonds of the carbonyl and carboxyl groups in lignin. The sharp absorption peak at 2918 cm^--1^ can be attributed to the C--H stretching vibration and shows a slight increase in peak intensity ([Figure S2a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03681/suppl_file/ao9b03681_si_001.pdf)), indicating that the methyl and methylene portions of cellulose were ruptured by the pretreatments.^[@ref46],[@ref47]^ The broad band detected at 3436 cm^--1^ can be related to the stretching vibrations of H-boned −OH groups in the cellulose structures ([Figure S2a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03681/suppl_file/ao9b03681_si_001.pdf)).

Furthermore, the fingerprint region has been plotted from a wavenumber of 2000 to 500 cm^--1^ ([Figure S2b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03681/suppl_file/ao9b03681_si_001.pdf)). A small peak at 587 cm^--1^ region corresponds to the out-of-plane bending of C--O--H.^[@ref48]^ The shift of the absorption peaks at 1000--1200 cm^--1^ after pretreatment indicates the increase in the cellulose content in the pretreated grain stillage samples, which is in agreement with the results of the composition analysis in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}. The significant reduction in the intensity of bands at 1587 cm^--1^ is assigned for lignin, which confirms the lignin solubilization via pretreatment.^[@ref49]^ FTIR spectra also provide information for the qualitative analysis of cellulose crystallinity according to the absorption ratio of A1430 cm^--1^/A898 cm^--1^, which was known as the lateral order index (LOI).^[@ref50]^ The LOI of the untreated grain stillage samples was calculated to be 1.18 ([Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}). The decrease in LOI after pretreatment indicates that the pretreatment could effectively disrupt the crystalline structure and enhance the digestibility of grain stillage.

###### Lateral Order Index (LOI) of the Grain Stillage before and after Different Pretreatments

            sample             grain stillage    MH     PC    MH + PC   PC + MH
  --------------------------- ---------------- ------ ------ --------- ---------
   lateral order index (LOI)        1.18        1.06   1.10    0.95      0.99

3. Conclusions {#sec3}
==============

All these four pretreatment methods, including microwave-assisted hydrothermal (MH), fungal (by *P. chrysosporium*) (PC), and combined MH and PC pretreatments (MH + PC and PC + MH), efficiently improved the yield of reducing sugar and saccharification efficiency of the grain stillage upon enzymatic hydrolysis. The solid-to-liquid ratio, power, and time are critical factors affecting the efficiency of MH pretreatment. Under the optimal MH pretreatment conditions of solid-to-liquid ratio = 1:15 g·mL^--1^, time = 3.5 min, and power = 120 W, the respective maximum reducing sugar yield and saccharification efficiency were 17.59 g/100 g and 33.85%, respectively. For PC pretreatment, six days and 10% inoculum achieved the highest reducing sugar yield and saccharification efficiency of 19.74 g/100 g and 36.29%, respectively, which was related to the production of ligninolytic enzymes by *P. chrysosporium*. The combined MH and PC pretreatments were better than the separate MH and PC pretreatments, but the order of the MH and PC in the combined pretreatment had a significant effect on the enzymatic hydrolysis in terms of saccharification efficiency. The pretreatment method of MH + PC was better than that of PC + MH because the MH prior to the PC made the substrate much more accessible to the PC attack that led to more efficient delignification. The chemical composition and structure analyses revealed that the MH and PC pretreatments worked mainly through delignification accompanied by hemicellulose removal and cellulose crystallinity reduction. Therefore, microwave-assisted hydrothermal irradiation followed by fungal pretreatment could be a promising pretreatment method for the bioconversion of the grain stillage to biofuels.

4. Materials and Methods {#sec4}
========================

4.1. Materials {#sec4.1}
--------------

Grain stillage was obtained from Jinghui Liquor Co., Ltd. (Gansu, China). The grain stillage samples were dried at 80 °C for 48 h in the oven and sieved through a screen to get particles of 200--250 μm. The cellulose, hemicellulose, and lignin contents of the grain stillage were determined to be 25.80 ± 1.03, 24.80 ± 0.98, and 14.87 ± 0.18% (dry weight basis), respectively. In addition, the contents of protein, starch, lipid, and ash were 17.37 ± 2.47, 8.06 ± 0.31, 3.04 ± 0.01,, and 3.51 ± 0.04% (dry weight basis), respectively. The rest of the other components was about 2.59 ± 0.02%. The white-rot fungus *P. chrysosporium* (CICC 40299) was obtained from the China Center of Industrial Culture Collection (CICC) and maintained on PDA (potato dextrose agar) slants at 4 °C. Fibrolytic enzymes (containing cellulase = 1 × 10^3^ U·g^--1^, xylanase =5 × 10^2^ U·g^--1^, and β-glucosidase = 1 × 10^2^ U·g^--1^) produced by *Penicillium sp.* were purchased from the Imperial Jade Bio-technology Co., Ltd. (Ningxia, China) for enzymatic hydrolysis.

4.2. Single-Factor Study of Microwave-Assisted Hydrothermal Pretreatment {#sec4.2}
------------------------------------------------------------------------

The MH pretreatment was carried out by using a microwave reactor (GAS-800, Xianghu Technology Co., Ltd., Beijing, China). For each batch experiment, 20 g of dried grain stillage was added to a 100-mL polytetrafluoroethylene vessel and mixed with distilled water at different solid-to-liquid ratios followed by hydrothermal pretreatment with microwave. The pretreatment parameters being studied in this section included the irradiation power (0--750 W), time (0--5 min), and solid-to-liquid ratio (1:5--1:25 g·mL^--1^). In each experiment, one factor was variable, and the other factors were kept constant on the basis of the preliminary experiment. At the end of pretreatment, the reactor was promptly cooled down in an ice bath for 10 min, and the solid residues were recovered by vacuum filtration. The solid residues were then thoroughly washed with distilled water until the pH of the filtrate water reached neutral. The washed solid residues were air dried and collected for enzymatic hydrolysis.

4.3. Optimization of Microwave-Assisted Hydrothermal Pretreatment {#sec4.3}
-----------------------------------------------------------------

Based on the results from the single factor experiment, response surface methodology based on the Box--Behnken design was employed to optimize the solid-to-liquid ratio (*A*), microwave irradiation time (*B*), and microwave irradiation power (*C*) to maximize the yield of reducing sugar and saccharification efficiency of enzymatic hydrolysis of the pretreated grain stillage.^[@ref51]^ The statistical analysis of experimental data was conducted by using Design Expert (version 8.06, Stat-Ease Inc., Silicon Valley, CA, USA), and the data were fitted by using the liner regress model ([eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"})where *Y*~1~ is the predicted reducing sugar yield; *Y*~2~ is the predicted saccharification efficiency; β~0~ is the model constant; β~i~, β~ii~, and β~ij~ represent the linear, quadratic and interaction coefficients, respectively; and X~1~, X~2~, and X~3~ correspond to the studied factors ([Table [6](#tbl6){ref-type="other"}](#tbl6){ref-type="other"}). Randomized experimental arrangement is shown in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03681/suppl_file/ao9b03681_si_001.pdf). This model evaluates the effects of each factor and their interactions on the responses.^[@ref52]^ Analysis of variance (ANOVA) was used to test the adequacy of the developed model and statistical significance of the regression coefficients. The goodness of fit of the polynomial equation was expressed by the coefficient of determination *R*,^[@ref2]^ i.e., a good model has a large *R*.^[@ref2]^ Analysis also included the *F*-test and its associated probability *P*(*F*) (*P*~critical~ = 0.05). Response surface and contour plots (3D surface plots) were drawn to show both the effects of factors on the response and the interactions between the significant factors. In addition, five confirmatory experiments were conducted to validate the model.^[@ref53],[@ref54]^

###### Factors and Levels for the Box--Behnken Design by Response Surface Methodology

                                                   level          
  ------ ----------------------------------------- ------- ------ ------
  X~1~   (*A*) solid-to-liquid ratio (g·mL^--1^)   1:10    1:15   1:20
  X~2~   (*B*) microwave irradiation time (min)    2       3      4
  X~3~   (*C*) microwave irradiation power (W)     0       150    300

4.4. Fungal Pretreatment by *P. chrysosporium* {#sec4.4}
----------------------------------------------

*P. chrysosporium* reserved 4 °C was subcultured for 7 days before use and then inoculated onto PDA plates at 28 °C for 7 days. Six-millimeter-diameter discs cut from the margin of active fungal cultures on PDA were inoculated into a 500 mL cotton-plugged Erlenmeyer flask containing 100 mL of potato dextrose broth (PDB) medium (pH 5.5) and incubated at 28 °C, 180 r·min^--1^ for 5--7 days in a shaking incubator. After incubation, *P. chrysosporium* with a dry weight of 5.0 g/L were collected as a seed culture.^[@ref33]^ Fungal pretreatment was performed in working volume 150 mL flasks containing 50 g of grain stillage (dry basis). Erlenmeyer flasks containing wet grain stillage were autoclaved at 121 °C for 20 min prior to inoculation with different volumes of seed culture (seed solutions of 7.5, 15, 22.5, and 30 mL, respectively, corresponding to inoculum sizes of 5, 10, 15, and 20%, v/v). Pretreatment was carried out in a constant temperature incubator at 28 °C under a static condition for 2, 4, 6, and 8 days. All the cultures were grown in triplicate. At the sampling points, flasks were taken out of the incubator and put in a freezer at −20 °C for 2 min to stop the pretreatment process. All insoluble substrates obtained after cultivation were freeze-dried to constant weight for the determination of mass losses during the pretreatment. The freeze-dried solid residues were used for composition analysis and subjected to enzymatic hydrolysis to evaluate saccharification efficacy. The activity of ligninolytic enzymes (LiP, Lac, and MnP) in an aqueous phase was determined. Samples without fungal inoculation were used as controls.

4.5. Combined Microwave and Fungal Pretreatments {#sec4.5}
------------------------------------------------

Two combined pretreatment methods, such as MH followed by PC (MH + PC) and PC followed by MH (PC + MH), were investigated, respectively. For MH + PC pretreatment, the grain stillage samples (solid-to-liquid ratio = 1:15) were pretreated by MH at a microwave power of 120 W for 3.5 min. After MH, the pretreated solid was collected and sterilized at 121 °C for 20 min prior to the PC pretreatment with the inoculation size of 10% for six days. After the PC pretreatment, the pretreated solid was collected for enzymatic saccharification chemical compositions analysis. The PC + MH pretreatment was done similarly to the MH + PC except that the sequence of MH and PC was opposite.

4.6. Enzymatic Saccharification {#sec4.6}
-------------------------------

Five grams of the dried pretreated grain stillage sample was mixed with 100 mL of citrate buffer solution (0.05 M, pH 4.8), and fibrolytic enzymes (enzyme loading of 150 U/g of the dry matter substrate) were added to initiate the reaction. The reactors with sodium azide (0.02%, w/v) were incubated at 50 °C for 72 h with a shaking speed of 150 rpm. After enzymatic hydrolysis, the hydrolyzed grain stillage slurries were centrifuged at 15,000 rpm for 10 min, and the supernatants were collected as hydrolysates for reducing sugar analysis. As a control for comparison, the raw grain stillage sample also underwent the same enzymatic hydrolysis as the pretreated grain stillage. The content of reducing sugars was quantified by using the 3,5-dinitrosalicylic acid method using glucose as the standard.^[@ref53]^ The efficiency of the enzymatic hydrolysis was evaluated in terms of the yield of reducing sugars and saccharification efficiency, which were calculated by using [eqs [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} and [5](#eq5){ref-type="disp-formula"}Where, the factor 0.9 is the conversion coefficient of glucose to cellulose.^[@ref12]^

4.7. Analytical Methods {#sec4.7}
-----------------------

### 4.7.1. Chemical Compositions {#sec4.7.1}

Neutral detergent fiber (NDF), acid detergent fiber (ADF), acid detergent lignin (ADL), and ash were determined according to the analytical procedures developed by the National Renewable Energy Laboratory (NREL).^[@ref55]^ The differences between ADF and NDF, ADF and ADL, and ADL and ash were calculated as hemicellulose, cellulose, and Klason lignin, respectively. The starch content was determined according to the NREL-TP-510-42624 protocol,^[@ref44]^ and the protein was measured and calculated as Kjeldahl nitrogen.^[@ref56]^ The degree of delignification was calculated as follows ([eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"})

### 4.7.2. Activity of Ligninolytic Enzymes from *P. chrysosporium* {#sec4.7.2}

LiP, Lac, and MnP are the extracellular enzymes from *P. chrysosporium* and play important roles for delignification. Lac, MnP, and LiP activities were measured spectrophotometrically according to the described methods in the literature.^[@ref57],[@ref58]^ The molar absorptivities for MnP and LiP activities are 11,590 and 9.3 cm^--1^·M^--1^, respectively. The lignocellulolytic enzyme production basal medium contained (per liter) 3 g of KH~2~PO~4~, 1.5 g of MgSO~4~·7H~2~O, 1 g of CaCl~2~·H~2~O, 0.5 g of MnSO~4~·H~2~O, and 0.1 g of CuSO~4~·H~2~O. Lac, MnP, and LiP activities were calculated as follows ([eqs [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"}--[9](#eq9){ref-type="disp-formula"}):

### 4.7.3. Scanning Electron Microscopy for Structure Characterization {#sec4.7.3}

SEM analysis was performed using a JSM-5600LV scanning electron microscope (Jeol Instruments, Tokyo, Japan). Samples were prepared by dispersing dry powder on a double-sided conductive adhesive tape and coated with carbon with the arc discharge method. All samples were sputtered with gold by a high-resolution sputter coater before the microscopic observation. Samples were scanned in secondary electrons for morphology with an accelerating voltage of 20 kV.

### 4.7.4. Fourier Transform Infrared Spectroscopy for Structure Characterization {#sec4.7.4}

The dried samples were prepared by grinding with KBr at a ratio of 1:100 (w/w) and pressing into pellets. An FTIR spectrometer (Nexus 670, Thermo Nicolet Co.) was used for showing the changes of the functional groups in the untreated and pretreated grain stillage. The spectra were recorded in the absorption band mode between 4000and 500 cm^--1^ with the resolution of 4 cm^--1^ over 20 scans per sample.^[@ref59]^

4.8. Data Analysis {#sec4.8}
------------------

All experiments were duplicated unless specified otherwise. SPSS 12.0 (IBM SPSS 12.0 software, New York, USA) was used to conduct statistical analysis, such as error and significant difference. Design Expert software (Version 8.06, Stat-Ease Inc., Silicon Valley, CA, USA) was used to design the experiments and analyze the results. The effects of each factor and interactions between factors on responses were analyzed by ANOVA. The model fitting was analyzed by determining *P* values (significance levels = 0.05).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.9b03681](https://pubs.acs.org/doi/10.1021/acsomega.9b03681?goto=supporting-info).Box--Behnken design matrix, scanning electron micrographs, and Fourier-transform infrared spectra ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03681/suppl_file/ao9b03681_si_001.pdf))
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